Abstract--The evolution of texture, structure and chemical composition of chloritic clays in coeval pairs of metabasites and metapelites of a prograde sequence from the Biikk Mountains has been investigated using electron microscopy techniques. Samples are from the Biikkium (innermost Western Carpathians, Hungary) that underwent Alpine metamorphism, ranging from late diagenesis to epizone for pelites and from prehnite-pumpellyite to greenschist facies for the metabasites.
INTRODUCTION
Evolution of phyllosilicates in rocks ranging in grade from diagenesis to the greenschist facies has been studied extensively in the last few years, with emphasis on dioctahedral smectite-illite-muscovite transformations and evolution of the illite crystallinity index in metapelitic rocks (Merriman and Peacor, 1999; Merriman and Frey, 1999 and references therein) . In addition to illite-muscovite, chlorite is a widespread phyllosilicate in diagenetic and low-grade metamorphic rocks (Frey, 1987; Laird, 1988; Robinson and Merriman, 1999; Schiffman and Day, 1999; Robinson and Bevins, 1999) . The evolution of trioctahedral phyllosilicates from smectite to chlorite has received increasing attention recently. Most studies of the mineralogical evolution of trioctahedral phases have dealt with regionally metamorphosed or hydrothermally-altered mafic rocks (for recent reviews see Arkai and Sadek Ghabrial, 1997; Robinson and Merriman, 1999; Alt, 1999; Schiffman and Day, 1999 and references therein) where chlorite occurs as an alteration product of ferromagnesian silicates and glass. In metapelites, chlorite appears as a detrital or authigenic/ metamorphic mineral and its abundance is conditioned by bulk-rock composition (Hillier, 1993; Jiang and Peacor, 1994a, b; Dalla Torre et al., 1996; Schmidt et al., 1999) .
Studies of metapelites and metabasites show that structural, textural and compositional changes in chlorite are a function of metamorphic grade (temperature). In general, the proportion of mixed-layered components decreases with increasing metamorphic grade (Jiang and Peacor, 1994b; Schiffman and Day, 1999; Robinson and Bevins, 1999; Alt, 1999 and references therein) . The saponite-corrensite-chlorite series of transitions has been described in both metapelites and metabasites. Corrensite has been interpreted in two ways: (1) as alternating layers of chlorite-saponite/vermiculite, implying that there is a continuous sequence of mixed-layered phases between pure smectite and chlorite; or (2) as a phase with unique structure and composition. Chlorite crystallinity (ChC), which is analogous to illite crystallinity (IC), has also been found to be a reliable tool in the determination of relative reaction progress in low-grade rocks (Arkai, 1991) . Arkai et al. (1995) confirmed the applicability of ChC for monitoring diagenetic through incipientmetamorphic grades of fine-grained clastic metasediments and Arkai and Sadek Ghabrial (1997) demonstrated that ChC can also be used to determine relative metamorphic grade (reaction progress) in metabasites. The ChC (similarly to IC) seems to be controlled mainly by the amounts of mixed-layered components at lower (diagenetic and lower-anchizonal) grades and Copyright 9 2001, The Clay Minerals Societyis principally a function of mean crystallite thickness (size) at higher anchizonal and epizonal grades (Arkai and T6th, 1990; Arkai and Sadek Ghabrial, 1997) . Berthierine has been inferred to be a precursor of chlorite in diagenetic rocks. Although mixtures of berthierine with chlorite at very fine scales may easily escape detection during routine mineralogical analyses, intercalation of berthierine in chlorite has been described by several investigators (Lee and Peacor, 1983; Ahn and Peacor, 1985; Amouric et al., 1988; Hillier and Velde, 1992; Jiang et al., 1992; Hillier, 1994) and such materials have been inferred to be precursors of pure chlorite in diagenetic rocks.
The general trends of evolution of trioctahedral phyllosilicates in both metapelites and metabasites are well known. The prograde changes involve metastable states (e.g. mixed layering, small crystal size; see Essene and Peacor, 1995) that depend on kinetic factors which influence reactions between starting materials and more stable states. The bulk compositions, textures and original mineral assemblages of sediments and basaltic rocks are very different. The rates of reaction toward the stable assemblages with relatively small numbers of large, homogeneous chlorite crystals may therefore be very different. Morse and Casey (1988) showed that intermediate states in such systems are controlled by rates of reaction between a large number of possible successive intermediate states, in terms of the Ostwald step rule. The state, i.e. the reaction progress of trioctahedral clay minerals in metapelites and metabasites formed at the same grade (temperature), may therefore be very different, as has been demonstrated for some dioctahedral clay minerals (Masuda et al., 1996; Li et al., 1997) . A comparative study of evolution of trioctahedral clay minerals in metabasalts and metascdiments affected by the same metamorphic conditions has not been carried out to date, perhaps in part because continuous sequences that contain both metapelites and metabasites subjected to simple prograde relations are rare.
We have therefore carried out a study of evolution of coeval pairs of metabasites and metapelites to determine the similarities and differences in reaction progress in trioctahedral phyllosilicates. The selected pairs of rocks cover a range of regional metamorphism from prehnite-pumpellyite to greenschist facies (metabasites) and diagenesis to epizone (metapelites) from the Bfikkium megatectonic unit (B/ikk and Uppony Mountains, NE Hungary). Metamorphic grade was determined on the basis of mineral facies and IC index, respectively (Arkai, 1983; Arkai et al., 1995) . Samples have been studied using a variety of techniques, with emphasis on X-ray powder diffraction (XRD) and transmission and analytical electron microscopy (TEM/AEM) in order to determine the evolution in texture, composition and structure of the trioctahedral minerals.
This report is the second of a two-part series. In the first part, we emphasized comparison of ChC indices, as calculated by XRD, and TEM-and XRD-determined thickness values, as well as the relations between ChC and chlorite chemistry. These relations showed that despite differences in composition, mineral assemblages and textures, ChC values of coeval metapelites and metabasites changed in a regular way with increase in grade, and with nearly identical values in coeval pairs (Arkai et al., 2000) . In the present paper we describe the evolution of texture, composition and structure of trioctahedral phyllosilicates in detail, emphasizing the mineralogical relations, as a function of reaction progress in pairs of metasedimentary and metabasic rocks over a broad range of grades.
MATERIALS
Samples were described in detail by Arkai et aL (2000) and thus are only briefly characterized here. All samples came from the innermost tectonic units of the Western Carpathians (Figure la) . This area was affected by regional metamorphism from deep diagenesis to epizonal grade, as determined by IC values of metapelites and mineral parageneses in metabasites. Arkai (1983 Arkai ( , 1991 , Kov~ics (1989 ), Downes et al. (1990 , Arkai et aL (1995 ), Sadek Ghabrial et al. (1996 , Kov~ics et al. and ,/~rkai et al. (2000) . The four sequences studied were: Darnd Hill (DH), Szarvsk6 complex (SZ), Eastern Bfikk Mountains (EB) and Uppony Mountains (UM), with metamorphic grades and mineralogy as determined by XRD (Arkai et al., 2000) listed in Table 1 . In the Darn6 Hill series, Middle Triassic pillow basalts showing ocean-floor hydrothermal metamorphism with prehnite-pumpellyite facies assemblages are interbedded with pelitic sedimentary rocks that were only diagenetically altered. The Szarvask6 complex consists of a Jurassic dismembered, MORB-type, ophiolite-like ultrabasic-basic-(acidic) sequence and clastic sedimentary rocks (Arkai, 1983) . The meta-igneous rocks display prehnite-pumpellyite facies assemblages and the alteration of the finegrained clastic sedimentary rocks varies in grade from late diagenesis to lower anchizone. In the Eastern Bfikk Mountains, the Triassic (Carnian) basic volcanic complex suffered pumpellyite-actinolite facies orogenic metamorphism, whereas the transformation of the Ladinian stratovolcanic formation, built up by lavas and predominantly fine-grained pyroclastic rocks of mostly andesitic compositions, reached the chlorite zone of the greenschist facies. The Carnian finegrained clastic formation that separates the abovementioned magmatic units was metamorphosed under transitional anchi-to epizonal conditions. The Uppony Mountains (UM) are built up by mostly epizonal Paleozoic rocks. Epizonal slate and metasandstone samples intercalated with greenschist-facies metabasalts from borehole Dt-8 were selected for this study.
All of the Mesozoic and Paleozoic formations of the Biikkium and the investigated nappes of the South G e m e r (Meliata) Unit suffered low to transitional lowintermediate pressure-type Alpine orogenic metamorphism in the time span between the Upper Jurassic and Middle Cretaceous, i.e. between the eo-Hellenic and Austrian phases of the Alpine cycle (Arkai et al., 1995) .
On the basis of previous XRD, E M P and bulk-rock and chemical data, 11 samples were studied by scanning electron microscopy (SEM) and TEM. Sample identifications, metamorphic grade as determined by IC, mineral facies, and mineral assemblages are listed in Table 1 .
The S E M observations included back-scattered electron (BSE) imaging of polished thin-sections and ion-milled T E M specimens using a H I T A C H I S-3200N SEM, equipped with a Noran X-ray energy- dispersive spectra (EDS) analytical system, and operated at 20 kV at the University of Michigan. Following optical and BSE examination, specimens were removed from thin-sections, ion-milled, and carbon coated. The TEM observations and AEM analyses were obtained using a Philips CM12 scanning-transmission electron microscope (STEM), operated at an accelerating voltage of 120 kV and beam current of 10 ~A at the University of Michigan. Lattice-fringe images of phyllosilicates were obtained using 001 reflections. Initial focus was controlled manually by minimizing contrast, and images were taken at overfocus conditions (1000 A). X-ray energy-dispersive spectra were obtained using a Kevex Quantum detector. A raster of 2000 • 2000 ,~. (as maximum size) in scanning mode was used to minimize alkali diffusion and volatilization. The AEM-determined formulae were calculated from spectra using k-values obtained from standards of paragonite, muscovite, albite, clinochlore, fayalite, rhodonite and titanite, following the procedure of Jiang et al. (1990) .
RESULTS

BSE observations
The BSE images of coeval pairs illustrate the textural evolution of trioctahedral phyllosilicates from diagenesis to epizone in both metasediments and metabasalts at a scale intermediate to that of hand specimen and TEM. Minerals were identified in part through EDS analyses.
Lower-grade metabasites and diagenetic pelites. Figures 2a and 2b are BSE images of thin-sections of coeval low-grade metabasalt and metapelite. Chlorite in lowgrade metabasites, from the DH and SZ sequences, occurs with fine-grained acicular, lath-shaped plagioclase crystals that are completely albitized, and amphibole crystals. Cross-cutting veins occur which are composed of 'chlorite' (when enclosed within inverted commas, as 'chlorite', the term refers to trioctahedral material consisting largely of chlorite, but perhaps with a mixed-layer component), quartz, prehnite and pumpellyite. 'Chlorite' (Figure 2a ) occurs as a secondary mineral with actinolitic amphibole along fractures in pyroxene, in the finegrained groundmass surrounding altered phenocrysts, and filling veins and fractures.
The two low-grade metapelites from the DH and SZ sequences are similar, and are composed of coarsegrained quartz, albite, 'chlorite', muscovite and chloritemica stacks which have the appearance of detrital grains, with minor apatite, titanite, zircon, pyrite and mille (Figure 2b) . Surrounding those clasts is a fine-grained matrix, with individual grains often not resolvable by SEM, but EDS analyses imply that it consists primarily of phyllosilicates, including major illite and minor chlorite. In both of the studied metapelites, 'chlorite' occurs in two modes: (1) as large chlorite-mica stacks, up to 50 ~m in size, where 001 planes of chlorite and mica are parallel to subparallel (some of the chlorite-mica stacks are weakly deformed, with bent layers); and (2) as small grains, <5 Ixm in size, in the matrix.
Purnpellyite-actinolite and greenschist-facies metabasites and anchi-, epizonal metapelites.
Figures 2c and 2d are BSE images of thin-sections of coeval pairs of epizonal metabasite and metapelite, respecfively. Figure 2c shows that albite, muscovite and chlorite occur as txm-sized crystals with minor titanite, calcite and pyrite in the metabasite. Chlorite is abundant as thick crystals and irregular aggregates, commonly associated with calcite, albite and pyrite. Thick muscovite crystals are also present.
The texture of epizonal metapelites ( Figure 2d ) is characterized by intergrown crystals of quartz, phyllosilicates (chlorite and muscovite), albite, rare K-feldspar and in a well-foliated structure. Rutile and pyrite are minor constituents. Foliation is largely defined by parallel to subparallel packets of phyllosilicates up to --1 I~m thick. No coarse chlorite-mica stacks were detected in high-grade samples. Chlorite in epizonal rocks thus appears as intergrowths of thick crystals with muscovite and quartz in a typical metamorphic texture of interlocking grains. Metapelites from the Szarvask6 Complex and borehole Dt-8 show abundant pore-space. Most grain boundaries are serrated, embayed and rounded, suggest- ing that the surfaces have suffered some dissolution and crystallization via pore-fluids. Sandstone sample Dt-8 207.8 m has feldspar domains consisting of albite cores surrounded by K-Ba feldspar, with rims consisting primarily of K-feldspar. Calcite and chlorite are commonly associated with this feldspar assemblage. Monazite occurs as 50 txm sized euhedral crystals. These relations imply that this sample has been affected by fluids.
The overall appearance of BSE images shows that lower-grade pelites have a texture typical of sedimentary rocks, with sharply defined detrital grains in a finegrained matrix rich in phyllosilicates. Higher-grade metapelites display typical foliate& metamorphic texture, implying dissolution and recrystallization of grains of lower-grade rocks. Both lower-and higher-grade metabasites retain a texture typical of igneous rocks, with more or less altered phenocrysts in a fine-grained matrix.
T E M observations
L o w e r grade metabasites. "Chlorite' is the main phyllosilicate in the pillow lavas of Darn6 Hill and the Szarvask6 complex. It occurs as packets with random orientation sometimes enclosed by albite crystals and showing weak signs of deformation that are imaged as intracrystalline kink bands. 'Chlorite' crystals occur both as parallel packets showing straight layers with a < 10% interlayered smectitic and corrensitic layers, but the latter are less abundant than in the metabasalts. The expandable layers occur both as isolated smectite layers in chlorite or at boundaries of chlorite crystals (Figure 3b) .
Diagenetic pelites. The texture of diagenetic pelites is very different from that of metabasites. In the lowergrade pelites, chlorite and berthierine are the main trioctahedral phyllosilicates, but they coexist with illite and mixed-layered illite-smectite (I-S) which are the dominant clay minerals. The general texture is defined by small packets of phyllosilicates, mainly dioctahedral illite and I-S, but with some 'chlorite' that fills the pore-space between larger detrital grains. Illite and (R = 3) I-S with thickness < 5 0 0 A are the main dioctahedral phyllosilicates. Large ( > 2 0 0 nm thick) 2 M 1 detrital muscovite was observed also. Smectitic (saponitic) mixed layers are much less abundant in chlorite of metapelites than in the metabasites, berthierine being the principal mixed-layered component in 'chlorite'. Figure 3c and 3d are T E M images of a diagenetic pelite from the Szarvask6 complex. Figure 3c shows a typical texture of a low-grade metapelite where illite packets < 5 0 0 A thick and I-S crystals occur. Chlorite ( -5 0 0 A thick) shows straight layers in defect-free crystals with low-angle contacts with illite. 92 ification of Fe-rich berthierine and chlorite layers, Ferich berthierine and 10 A layers, and 14+7 A layers with 10 A layers were observed in the lower-grade pelites. The Fe-rich berthierine also occurs as separate small packets, or within large packets that are dominated by chlorite layers, or individual crystals up to 50 nm thick. Figure 3d shows a T E M image of packets of individual crystals of berthierine and illite crystals. As indicated by S A E D patterns, berthierine and illite crystals are parallel and show characteristic 7 and 10 A periodicities. No chlorite layers are present in berthierine, but rare 10 ,~ layers were detected within the berthierine packets. Figure 3e shows a S A E D pattern of typical, interstratified chlorite-berthierine, with illite. Prominent streaking occurs along c*, even-order 001 reflections based on 14 A periodicity being strong and sharp, whereas odd-order reflections are weak and diffuse. Lastly, ixm-thick chlorite and muscovite crystals were detected, such crystals having the large size, angular outlines and ideal structures typical of detrital material derived from higher-grade rocks.
Pumpellyite-actinolite and greenschist-facies metabasires. Figures 4, 5 and 6 show chlorite crystals of metabasites and metapelites from pumpellyite-actinolite to greenschist facies (i.e. from high-anchizonal to epizonal grades). Chlorite in higher-grade, strongly recrystallized metabasites occurs as large, well crystallized crystals in interlocking textures with feldspars and other phyllosilicates. Muscovite crystals (2M1 polytype) occur as subparallel to parallel intergrowths with chlorite. Although chlorite crystallites are relatively perfect, kinking and/or bending occurs within some. Figure 4 shows a defect-free chlorite crystal from sample DG-82. Chlorite crystallites are parallel or at low angles to one another. Crystal thicknesses are between 40 and 1400 ~.. Smectite (saponite) layers in chlorite are only rarely observed; 10 A and 24 layers are occasionally observed at chlorite rims, and they are inferred to be due to retrograde effects . Strain in the form of gliding along (001) can be observed in Figure 4 . Figure 5a and 5b show coeval pairs of chlorite crystals from greenschist-facies meta-andesite tuff (DG-68) and epizonal metapelite (Dt-8, 118 m). Chlorite in sample DG-68 occurs as large (>1000 A), defect-free crystallites showing low-angle boundaries. Some crystals have uncommon defects and intercalated 10 A layers occm: Partialloy ordered stacking sequences of 3 to 4 units of 14 A layers along c* can be seen, resulting in a S A E D pattern showing streaking along c*. Muscovite of sample DG-68 occurs as thick and defect-free crystals (average thickness 3760 A, with minimum values of 700 for n = 25 measurements) of the 2M~ polytype. Smectitic and I-S layers have been detected in the rims of > 5 0 0 nm thick muscovite crystals, and are inferred to be a result of retrograde interaction with hydrothermal fluids.
Anchizonal and epizonal metapelites. Anchi-and epizonal metapelites contain coarse phyllosilicates, mainly 2M~ (>1000 ~, thick) crystals of mica, in an interlocking texture. By comparison with the two lower- grade samples, intergrown chlorite and mica packets are composed of straight layers, are thicker, and display low-angle grain boundaries. Chlorite from the DG-73 metapelite shows large defect-free crystals with rare 10 A layers. Superstructure reflections were observed along c* in SAED patterns lacking non-00/ reflections. Therefore they are not caused by dynamic diffraction and thus reflect semi-random stacking. In metapelite Dt-8 118 m, large (> 1000 ~. thick) crystals are defect-free and have non-periodic stacking as well (Figure 5b ). The SAED pattern shows satellite reflections in the Okl row, k ~ 3n, indicating a long-period order that is not observed in the TEM lattice-fringe image. Epizonal mica crystals of this sample average 2100 A in thickness (or = 1481 for n = 40 measurements). Figure 6 is a TEM lattice-fringe image of sample Dt-8, 207.5 m, showing characteristic features of the epizonal metasandstone. Chlorite occurs as thick, defect-free crystals, with straight 14 A fringes. These characteristics are common in both metabasites and metapelites.
Evolution o f crystallite thickness of chlorite
A detailed study by fi, rkai et al. (2000) of these samples showed that mean crystallite thicknesses of chlorite from coeval pairs of metapelites and metabasites are similar, and the histograms of chlorite thicknesses, as measured by TEM, are positively skewed. In the lower-grade metabasites most of the chlorite crystallites are between 200 and 600 thick, with an average value of -4 0 0 A for both metapelites and metabasites, and with a median value of --300 A. In the diagenetic metapelites, most of the chlorite crystallites are <600 A thick; the mean values for DG-62 and DG-20 are 520 A and 590 A, respectively. We emphasize that in metape- 
lites, no large (ixm-size) detrital grains h a v e b e e n i n c l u d e d in t h e s e m e a n values, i.e. they c o r r e s p o n d only to a u t h i g e n i c crystallites. On the other hand, illite crystallite t h i c k n e s s e s in l o w e r -g r a d e m e t a b a site s a m p l e D G -3 3 h a v e a m e a n value o f 205 A (n = 8) w h e r e a s d i a g e n e t i c m e t a p e l i t e s h a v e a m e a n value o f 540 A (with m a x i m u m and m i n i m u m values o f 7100 and 350 A, r e s p e c t i v e l y ) .
C h l o r i t e f r o m p u m p e l l y i t e -a c t i n o l i t e facies and transitional anchi-, e p i z o n a l s a m p l e s D G -8 2 and D G -7 3 has m e a n t h i c k n e s s e s o f 1150 A and 1650 A, r e s p e c t i v e l y , w h e r e a s illite crystallite t h i c k n e s s e s h a v e a m e a n value of 2666 * (11,000 and 340 ~, as m a 
x i m u m and m i n i m u m values). As grade increases, m e a n crystallite t h i c k n e s s values increase, b o t h for chlorite and illite in m e t a b a s a l t s and metapelites. Thus, g r e e n s c h i s t facies and e p i z o n a l s a m p l e s h a v e m e a n values of 1656 ,~ and 2658 A for chlorites o f m e t a b a s i t e s
Chemical composition o f chlorite
Representative chemical compositions of chlorite from lnetabasites and metapelites determined by A E M are given in Table 2 . Formulae are normalized to an Figure 7 . Plots of chlorite composition from metabasites (triangles) and metapelites (circles) using the classification scheme for rock-forming chlorite according to Zane and Weiss (1998) . Points as defined by Wiewiora and Weiss (1990) .
ideal trioctahedral formula with a total of 20 octahedral + tetrahedral cations. Iron was assumed to be ferrous. All normalized compositions correspond to a trioctahedral (tri-tri) structure. Figure 7 shows the Mg:Fe ratio vs. Si content, as proposed by Zane and Weiss (1998) Table 3 . Differences in the Fe, Mg and A1 contents occur, with Fe2+/(Fe 2+ + Mg) and total A1 content of berthierine being larger and smaller, respectively, than those of the chlorite.
DISCUSSION
The EM observations and AEM analyses define the evolution of chloritic material in coeval rock pairs of metabasites and metapelites for a range of grade from deep diagenesis to epizone. Because bulk compositions, textures, and original mineral assemblages of sediments and basalts were very different, we expected to observe rather different evolution paths. However, the data show that textural and mineralogical changes occur in a parallel way as a function of grade. The main features defining the similarity in the prograde sequence are a decrease in the percentage of interlayered material in both dioctahedral and trioctahedral phyllosilicates and increases in chlorite and illite crystallite thicknesses. The principal difference is in the type of mixed layering in the two rock types; in metabasites, smectite (saponite) is the principal mixed-layered component, whereas berthierine is the dominant component in metapelites, both smectite and berthierine being precursors to pure chlorite at higher grade. In the sections below, the occurrences of mixed-layering in the lowest-grade metabasites and metapelites are described, followed by a description of the full sequence of evolution of trioctahedral phases.
Occurrence of smectite-corrensite-chlorite in lowergrade metabasites
The lower-grade pillow basalt, DG-56 from the Darnd Hill complex, underwent prehnite-pumpellyite facies ocean-floor hydrothermal metamorphism, as did the pillow-structured metabasalt (DG-33) and metadiabase (DG-16) from the ophiolitic Szarvask6 complex. In the Szarvask6 complex, however, ocean-floor metamorphism was overprinted by orogenic anchizonal metamorphism (Sadek Ghabrial et al., 1994 Arkai and Sadek Ghabrial, 1997) . In these metabasites, 'chlorite' occurs as a secondary mineral both in the fine groundmass or as xenoblastic crystals replacing primary ferromagnesian minerals. No samples with discrete smectite were observed. Hydrothermal alteration of mid-ocean ridge basalt (MORB) occurs over the full range from saponite in shallow rocks through corrensite to chlorite in vertical sections (e.g. Shau and Peacor, 1992) , and chlorite-rich samples of that sequence have been used extensively as a geothermometer (e.g. Cathelineau and Nieva, 1985) . Discrete corrensite crystals ( Figure 2) were found in the Darn6 Hill sample, coexisting with discrete chlorite, as typical of the middepth of MORB alteration. The Darn6 Hill sample is thus inferred to represent the mid-grade of the progression from smectite to chlorite in metabasites. The metabasalt (DG-33) and metadiabase (DG-16) from the Szarvask6 complex have a smaller proportion of corrensitic layers, however, as consistent with a higher grade imposed by regional metamorphic overprinting of the normal MORB alteration sequence. The decrease in percentage of expandable layers with advancing grade was also noted by Arkai and Sadek Ghabrial (1997) and Arkai et al. (2000) on the basis of the data obtained using the method of Bettison and Schiffman (1988) that determines the proportions of chlorite in chlorite-smectite mixed-layered material. Other studies have demonstrated that the percentage of expandable layers decreases in these systems with increasing T (or grade) also (Alt, 1999 , and references therein).
There remain some questions as to whether or not there is a complete sequence of mixed-layered phases from saponite through chlorite, or whether or not discrete saponite, corrensite and chlorite occur as separate but coexisting pairs, as reviewed by Merriman and Peacor (1999 and references therein). In the case of the samples studied here, there is a clear distinction between packets of corrensite composed of sequences of alternating saponite-and chloritelike layers, and chlorite. However, the corrensite commonly has extra chlorite layers and the chlorite invariably contains some saponite layers. Such relations are a direct consequence of the uniqueness and low relative free energy of the structure of corrensite relative to random mixed layering of saponite and chlorite layers.
The evolution of crystallite thicknesses of chlorite from lower-grade metabasites is discussed in Arkai et al. (2000) . The average value is <50 nm but there is considerable scattering of values about the mean. The cause of the scatter is inferred to be due to two factors: (1) chlorite in metabasites occurs in a variety of modes, including groundmass, veins and replacements of primary ferromagnesian minerals; and (2) some samples have undergone more than one phase of metamorphism, and relict grains of an earlier phase may occur with those of a later event.
Occurrence of berthierine-chlorite in diagenetic pelites
'Chlorite' occurs both in coarse stacks with muscovite, and in the fine-grained matrices, in marked contrast to textures in the metabasites. According to the TEM observations, berthierine is the common mixed-layered phase found in the matrix, although mostly dioctahedral smectitic mixed layering also occurs as deduced from XRD and EMP data by Arkai et al. (2000) . Berthierine occurs in lower-grade samples as discrete packets up to 500 A thick which are commonly adjacent and sub-parallel to packets of diagenetic illite (Figure 3d ) or I-S, or interstratified with chlorite (e.g. sample DG-20). Interlayering of small proportions of berthierine with chlorite may escape detection during routine mineralogical analysis but it has been reported through careful analysis with increasing frequency, especially in marine sediments (e.g. Curtis et al., 1985; Ahn and Peacor, 1985; Amouric et al., 1988; Hillier and Velde, 1992; Xu and Veblen, 1996) . Recently, L6pez-Munguira and Nieto (2000) and Schmidt et al. (1999) have also found interlayered berthierine, chlorite and saponite in diagenetic metasediments of volcanic origin. In these cases, chlorite contains mixed layers of smectite, but with less common occurrences of berthierine.
Berthierine has been inferred to be a metastable phase in most occurrences (e.g. Ahn and Peacor, 1985) , forming within the stability field of chlorite at low temperatures where, through Ostwald-steprule-like sequences, metastable intermediate phases commonly form (Essene and Peacor, 1997) . Such metastable berthierine subsequently evolves to chlorite with increasing grade (Iijima and Matsumoto, 1982; Ahn and Peacor, 1985; Abad-Ortega and Nieto, 1995; Dalla Torte et al., 1996; L6pez-Munguira and Nieto, 2000) . Although the number of observations of thickness of berthierine crystallites is relatively small, the average value (--<500 A) is similar to the mean crystal thickness for chlorite in sample DG-20. Furthermore, parallel intergrowth of separate packets of berthierine and diagenetic I-S imply that they evolved in parallel at diagenetic grades. These data and the absence of berthierine in higher grade samples are thus consistent with a prograde sequence from berthierine to chlorite.
It has also been suggested that berthierine becomes more stable relative to chlorite with increasing proportion of Fe, and that Fe-rich berthierine may be a true polymorph of Fe-rich chlorite (chamosite). If so, Fe-rich berthierine may have a true stability field relative to chlorite. Some berthierine has been inferred to have the same composition as associated chlorite Jiang et al., 1992; Xu and Veblen, 1996; Abad-Ortega and Nieto, 1995; L6pez-Munguira and Nieto, 2000; Coombs et al., 2000) . Such pairs are therefore true polymorphs. On the other hand, other chlorite-berthierine pairs differ in XMg and XA~ content (Dalla Torre et al., 1996) , and are not polymorphs. Berthierine observed in this study is relatively Fe-rich, more so than coexisting chlorite. Therefore they are not polymorphs. Chemical analyses of bulk rock (Table  3 of ,/~rkai et al., 2000) show that the Fe content of berthierine-bearing sample DG-20 is the highest of the pelites. This implies that the occurrence of berthierine in the pelites is simply related to bulk-rock composition, being favored by relatively high Fe contents. This is also consistent with the lack of berthierine in the more Mg-rich metabasites, and the presence, rather, of mixed-layered phases with saponite-like layers. These data are in agreement with typical compositions of berthierine from marine-oolitic ironstone formations (Van Houten and Purucker, 1984) , the occurrence of berthierine being consistent with such Fe-rich bulk compositions, or the presence of berthierine in metasediments of metavolcanic origin (L6pez-Munguira and Nieto, 2000; Schmidt et al., 1999) . Whether it is metastable for all compositions relative to chlorite, or when Fe-rich it is a polymorph of chlorite and stable at lower temperatures than chlorite, is a question still to be answered. In any event, the berthierine occurring in the matrix as separate packets or as mixed layers with chlorite formed at relatively low temperatures and was replaced by chlorite at higher grades.
Chlorite was also detected in lower-grade pelites as chlorite-muscovite stacks, and may have a different origin from that of chlorite in the matrix. Further study is needed in order to characterize the structural and chemical features of these stacks, paying special attention to eventual differences from matrix phyllosilicates. Jiang and Peacor (1994b) and Li et al. (1994) described the sequence of alteration of detrital, volcanic biotite to stacks of chlorite and mica, with corrensite occurring as an intermediate phase. Although no relict biotite has been detected in the studied metapelites, acicular crystals of TiO2 closely associated with the stacks may be interpreted as a key relation consistent with the relatively high Ti content of biotite. Although the origin of such stacks has been ascribed to many factors, as reviewed by Jiang and Peacor (1994b) , the presence of TiO2 implies that it originated from precursor biotite in this case also.
Evolution of chlorite with increasing metamorphic grade in metabasites and metapelites
With increasing metamorphic grade, the proportions of mixed layering decrease both in illite-muscovite and chlorite of both metabasites and metapelites. Chlorite from higher-grade anchizonal and epizonal metapelites and pumpellyite-actinolite and greenschist-facies metabasites occurs as thick sequences of parallel 14 ,~ layers with few defects. Layer terminations are scarce, and random or semirandom stacking sequences, which are generally common in chlorite, are present as indicated in SAED patterns by complete streaking of rows with k r 3n. Similar textural characteristics have been observed in coeval pairs of rocks: both the mean crystallite thickness values and the homogeneity of chlorite crystals increase with advancing grade. On the other hand, planar stacking faults and isolated 9 or 7 A layers are common features of higher-grade chlorite. These spacings have been interpreted as interlayered 1:1 phyllosilicates and a chlorite unit where a brucite sheet was removed, respectively (Bons and Schryvers, 1989) . Bons (1988) studied deformation structures of chlorite by HRTEM and suggested a deformation-induced origin for these features. Deformation features are more abundant in the higher-grade rocks of this study, and there are more deformation features in chlorite than in muscovite, probably due to the fact that chlorite tends to retain defects and lattice strain, in comparison with muscovite (Merriman et al., 1995; S~rkai et al., 1996) . Such relations are consistent with Bons' (1988) suggestion that the rare mixed layering is an artifact of deformation, and thus has a very different origin than mixed layering in low-grade rocks, which originates through neocrystallization of rectastable phases.
Relic mixed layering is absent in the epizonal and greenschist-facies samples of borehole Dr-8 and the Biikk Mountains, but minor berthierine occurs on the rims of larger chlorite crystals. Likewise, smectite and I-S occur at the rims of muscovite crystals, both in metabasites and metapelites. These textural relations are in marked contrast with mixed layering or the occurrence of separate packets, as described above for prograde relations. They are instead inferred to be due to retrograde overprinting, as tlaey occur only at crystal rims, and never as layers within crystals. Such retrograde overprinting, due to interaction with fluids, has been proposed to explain the berthierine associated with a massive sulphide deposit in Ontario by Jiang et aL (1992) . Such retrograde alteration of illite and muscovite, with textures similar to those of the samples of this study is not unusual; it cannot generally be detected by XRD, but has been recognized with increasing fre-quency with the application of TEM (e.g. Nieto et al., 1994; Zhao et al., 1999; Mata et al., 2000) .
Chlorite (sensu stricto) thickness and texture evolve similarly in coeval metabasites and metasediments, which is somewhat surprising given the differences in bulk rock compositions, textures and primary minerals. It is perhaps even more surprising in that the kinds of mixed layering are very different in the two rock types. As noted above, however, the occurrence of berthierine in pelites is an apparent expression of the greater proportions of Fe in such rocks. Trioctahedral smectite, on the other hand, is invariably relatively Mg-rich. The occurrence of mixed-layered smectite (saponite)-chlorite is therefore compatible with the more Mg-rich bulk rock composition of metabasites. In addition to berthierine, mixed layering of smectite in chlorite also occurs in the metasediments studied. Such mixed layering has been interpreted to be the principal cause of variations in so-called chlorite which have been correlated with temperature of formation (Jiang and Peacor, 1994a) . Whether the mixed layering involves berthierine or smectite, however, such phases are thermodynamically metastable, and their occurrence can be ascribed only to reaction progress, and are not a quantitative function of temperature (Essene and Peacor, 1995) . Arkai et al. (2000) pointed out that reaction progress in metapelites, measured in part by chlorite crystallinity, paralleled that in metabasites. The data of this study show that chlorite crystals from both metabasites and metapelites become larger and display fewer defects, with a general simplification in microtextural relations as grade increases. This is illustrated in part by the decrease in the number of mineral species with increasing grade, chlorite being the only trioctahedral mineral at higher grades. This is consistent with the reaction progress trend where both metastable systems (metabasites and metapelites) tend toward the same end-member, thermodynamically stable chlorite, as well as texture (crystal size), and that all the intermediate states are metastable, and controlled by the Ostwald step rule (Merriman and Peacor, 1999) . According to the Ostwald step rule, the original metastable assemblage, berthierine-smectite-c~176 rite will change via reactions towards the stable state, represented by large crystals of pure chlorite, the small number of phases of relatively large crystal size being consistent with the Gibbs phase rule.
